We present a coarse-grained model in order to describe the unusual sequence of mesophases observed in aqueous solutions of nonionic lipids, such as monoolein. The lipid molecules are modeled as a rigid head and a flexible Gaussian tail, and water is treated explicitly. A key component of the model is thermally reversible hydrogen bonding between the lipid head and water resulting in changes in both head volume and the interactions of the hydrated head with its surroundings. Phase diagrams obtained from unit-cell self-consistent field simulations capture the qualitative thermotropic and lyotropic phase behavior of the monoolein-water system. The unusual phase sequences result from a competition between hydrogen bond formation, changes in head volume and interactions, lipid tail entropy, and the hydrophobic effect. [3, 4, 7] . While cubic phases are desirable, there is very limited understanding of the relationship between the molecular details of the lipid, its interactions with water, and the presence and placement of cubic phases within the temperature-composition plane. The problem is particularly acute for aqueous solutions of nonionic lipids with a small hydrophilic head, such as the monooleinwater system [8, 9] . This class of lipid-water mixtures possesses both a normal phase sequence from inverted hexagonal cylinders to inverted cubic gyroid (H II -Ia 3d II ) and a reverse phase sequence from lamellar to inverted gyroid (L -Ia 3d II ) as the water volume fraction is increased [see Fig. 2(a) ]. There is currently no satisfactory theoretical model that explains both the normal and reverse lyotropic phase sequences as well as the changing topology of the phase diagram with temperature. It is this challenge that is addressed in the present Letter.
The mesophases of lipid-water mixtures are of great scientific and technological interest, having relevance to cosmetic, food, and pharmaceutical formulations for the delivery of flavors, drugs, and aromas [1] [2] [3] [4] . Cubic bicontinuous phases [5, 6] , e.g., Ia 3d and Pn 3m and the inverted phases Ia 3d II and Pn 3m II , are especially useful because they provide pathways for transporting small molecule species such as flavors and nutrients in either aqueous or hydrocarbon phases [3, 4, 7] . While cubic phases are desirable, there is very limited understanding of the relationship between the molecular details of the lipid, its interactions with water, and the presence and placement of cubic phases within the temperature-composition plane. The problem is particularly acute for aqueous solutions of nonionic lipids with a small hydrophilic head, such as the monooleinwater system [8, 9] . This class of lipid-water mixtures possesses both a normal phase sequence from inverted hexagonal cylinders to inverted cubic gyroid (H II -Ia 3d II ) and a reverse phase sequence from lamellar to inverted gyroid (L -Ia 3d II ) as the water volume fraction is increased [see Fig. 2(a) ]. There is currently no satisfactory theoretical model that explains both the normal and reverse lyotropic phase sequences as well as the changing topology of the phase diagram with temperature. It is this challenge that is addressed in the present Letter.
The concept of a critical packing parameter (CCP) [10] , defined as the ratio of the volume of a lipid tail to the product of the cross-sectional area of a lipid head and the length of a lipid molecule, is a useful tool for anticipating membrane curvature and the stability of various lipid and surfactant phases in solution. Nonetheless, the CCP approach predicts only the normal sequence of phases, reflecting a transition in which the water-lipid interfaces are curved less towards the water domains as the concentration of water is increased. The framework does not provide insight into a reverse phase transition such as L ! Ia 3d II , where the interfaces go from flat to curved towards water upon increasing the amount of water.
A membrane elasticity model for lipid bilayers initiated by Canham and Helfrich [11, 12] invokes phenomenological parameters such as spontaneous curvature, bending rigidity and saddle splay modulus. The model does not elucidate the dependence of these parameters on molecular details of the lipid and solvent, but it can be used to anticipate certain trends in phase behavior [13] . At the other extreme, fully atomistic simulations have been attempted for the monoolein-water system using a classical force field and explicit water [14] . While some promising initial results have been obtained, the time scales of self-assembly in such systems are orders of magnitude beyond those accessible with state-of-the-art computational resources.
Self-consistent field theory (SCFT), which utilizes coarse-grained chain and interaction models, provides a computational strategy intermediate between continuum and atomistic approaches [15, 16] . It is a powerful and flexible method that has been successfully applied to study the phase behavior of a wide variety of inhomogeneous polymer systems such as block copolymers and polymer alloys [17, 18] . Li and Schick [19] have also shown that SCFT models of lipids with flexible Gaussian tails and rigid polar head can predict certain trends in lyotropic behavior. A more detailed SCFT model proposed by Müller and Schick uses the rotational isomeric state (RIS) model to represent lipid tail conformations [20] . Although some trends in experimental data were reproduced, the approach, which did not allow for hydrogen bond formation, did not predict the reverse lyotropic phase sequences that dominate the monoolein-water phase diagram.
In the present Letter, we introduce a novel type of SCFT model that incorporates reversible hydrogen bonding and is the first to capture the essential thermotropic and lyotropic physics of lipid-water mixtures in the monoolein class. As shown in Fig. 1(a) , monoolein has a monounsaturated lipid tail and a head group that can hydrogen bond with up to ten water molecules. In the coarse-grained description depicted in Fig. 1(b) , we simplify the molecule to a flexible Gaussian chain tail consisting of N segments, each of volume v t , and a rigid head that can exist in two states: state ''0'', which has no bound water and a small head volume v h0 , and state ''1'', which has bound water and a larger head volume v h1 . The thermally reversible binding of water to the head is a key component of the model, which also influences the head-water and the head-tail interactions. Experimental results on monoolein [8, 9] and monolinolein [21] systems suggest that in the bound and hydrated state, the larger state 1 head should interact less favorably with free(unbound) water and lipid tails than a head in the dry state 0.
Free water in the model is treated simply as a spacefilling pointlike species. Local incompressibility of the solution is imposed and nonbonded interactions among the various species are described by Flory-Huggins parameters. The energy change (in units of the thermal energy k B T) associated with hydrogen bonding of the head group is denoted by F b . Subscripts h0, h1, w, and t will be used throughout to denote unbound lipid heads, bound lipid heads, free water, and lipid tails, respectively.
Recent work on supramolecular block copolymers [22] has shown that reversible binding can be incorporated in the SCFT framework by working in the grand canonical ensemble where the constraints of chemical reaction equilibria can be imposed on the species activities. Following the same approach here, and using Hubbard-Stratonovich (HS) transforms to transform the grand partition function into a statistical field theory [16, 17] , leads to
where and W are four-component vector fields representing, respectively, the volume fractions and auxiliary potentials (HS fields) of the h0, h1, w, and t species. P is a pressure field that imposes the local incompressibility constraint. The effective Hamiltonian appearing in the above field theory can be expressed as 
where V is the system volume. Parameters z h0 and z h1 denote the activities of lipids in the unbound and bound states, respectively, in units of 1=Nv w . Because of incompressibility, only two activities are independent, so z w has been arbitrarily set to 1. The condition of reaction equilibrium for our two-state model of hydrogen bonding corresponds to [22] (11) are solved numerically. Initial field configurations are seeded in order to produce a unit cell of a desired mesophase, and the diffusion Eq. (12) is solved pseudospectrally with an operator splitting scheme [23] . Using the calculated propagators, the volume fractions and single-molecule partition functions are evaluated. The W and P fields are subsequently relaxed using various convergence schemes [16, 24] in order to satisfy the remaining SCFT equations, (7)-(11). Simultaneously, H G is minimized with regard to the size and the shape of the unit cell [25] . Phase boundaries are determined by comparing the SCFT free energies among phases at the same value of the activity of a 0-state lipid, z h0 . Figure 2(b) shows the mean-field phase diagram of our model, where we have assumed a conventional temperature dependance of the tail-water and hydrogen bond interactions, t;w N A B=T, ÿF b C=T, and fixed the bonding to interaction energy ratio C=B 0:5. In parameterizing F b this way, we neglect the directionality of the hydrogen bond, which makes an entropic contribution [26] and effectively reduces the bond strength. A is fixed by the choice of a reference set of interaction and bonding parameters, and the other i;j are determined away from the reference point by maintaining constant values of the ratio i;j = t;w . The ordinate of Fig. 2(b) , ÿ1=F b , can be viewed as a dimensionless temperature, while the abscissa w;tot is the total volume fraction of water (bound and free). Key to the choice of reference point parameters is a large unfavorable ''hydrophobic'' interaction between tail and solvent t;w , and a head-solvent interaction that is initially small and becomes less favorable upon binding water, h0;w < h1;w t;w . The SCFT phase diagram 2(b) captures important qualitative features seen in the experimental diagram, Fig. 2(a) . For instance, it provides for a L ! Ia 3d II ! H II phase sequence upon increasing temperature. This sequence can be understood by referring to Fig. 3(a) , which shows how the composition of the fluid mixture changes along a thermotropic trajectory at w;tot 0:175. As the temperature increases, the volume fraction of bound lipids decreases, and the effective size of the lipid heads also decreases. A smaller lipid head will stabilize mesophases that curve towards water in order to maximize the conformational entropy of the lipid tails. Figure 2 (b) also qualitatively shows the ''reverse'' lyotropic behavior present in the monoolein-water system. In particular, the L ! Ia 3d II phase transition occurs with increasing water volume fraction. As shown in Fig. 3(b) , the L phase is stable when the bound lipids are saturated and the free water fraction is low, consistent with experimental observations [9, 21] . However, as more free water is present, the strong hydrophobic interaction between lipid tail and free water increases, which drives a morphological transition to Ia 3d II wherein the interfacial area between hydrophilic and hydrophobic domains is reduced. The transition is further assisted by an increase in tail entropy [27] . A comparison of the predicted and experimental mesophase lattice constants provides additional support for the model. We note that the Pn 3m II (inverted double diamond cubic) phase is always metastable for our parameters, although it most closely competes with Ia 3d II to the right of the gyroid phase in the mean-field diagram, which is the same sequence as found experimentally. Simulations have also been conducted in which hydrogen bonding was turned off in the model. These studies, which produced only the ''normal'' phase sequence, verify that head volume changes in response to hydrogen bonding are key to reproducing the lyotropic and thermotropic phase sequences in the monoolein class of systems.
We have conducted some preliminary investigations of the sensitivity of the SCFT phase diagram to the choice of parameters. As N is increased at fixed v t =v w 1:0, which corresponds to a smaller water molecule relative to the lipid volume of Nv t v h0 , the window of mesophases widens. This is due to an increase in water translational entropy, which favors mesophase swelling. Another important parameter is the ratio of the volume of an unbound lipid head to the volume of a water molecule, v h0 =v w . If the value of v h0 =v w is too low, such as v h0 =v w 1:4 with N 6, the lyotropic FI to L phase transition disappears, leaving only a FI to H II transition. The nonbonded hydrophobic interaction parameter between the lipid tail and water, t;w , is also key. A large value of t;w gives more stability to the Ia 3d II phase since it increases hydrophobicity, although it also shifts the mesophases to lower water content. Conversely, if we decrease the value of t;w by more than 6% at ÿF b 4:2, the Ia 3d II phase is destabilized relative to L at all water concentrations. Finally, the hydrated lipid head-water interaction is important to cubic phase stability. When h1;w is high, the hydrophobic interaction between lipid tail and water is reduced by the bound lipid heads, which favors the L phase and less swelling. For example, if we increase the value of h1;w by 20% at ÿF b 4:2, only the L phase is stable.
In summary, we have developed a model of nonionic lipid-water mixtures that qualitatively captures the unusual lyotropic and thermotropic phase sequences observed in experiments. Our simulations also represent the first application of self-consistent field theory to inhomogeneous solutions of hydrogen bonding lipids or polymers.
The authors are grateful to K. Katsov and R. Elliott for useful discussions. 
